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Abstract:



Highly-dispersed Ru nanoparticles were grown on graphene nanosheets by simultaneously reducing graphene oxide and Ru ions using ethylene glycol (EG), and the resultant Ru/graphene nanocomposites were applied as a catalyst to ammonia decomposition for COx-free hydrogen production. Tuning the microstructures of Ru/graphene nanocomposites was easily accomplished in terms of Ru particle size, morphology, and loading by adjusting the preparation conditions. This was the key to excellent catalytic activity, because ammonia decomposition over Ru catalysts is structure-sensitive. Our results demonstrated that Ru/graphene prepared using water as a co-solvent greatly enhanced the catalytic performance for ammonia decomposition, due to the significantly improved nano architectures of the composites. The long-term stability of Ru/graphene catalysts was evaluated for COx-free hydrogen production from ammonia at high temperatures, and the structural evolution of the catalysts was investigated during the catalytic reactions. Although there were no obvious changes in the catalytic activities at 450 °C over a duration of 80 h, an aggregation of the Ru nanoparticles was still observed in the nanocomposites, which was ascribed mainly to a sintering effect. However, the performance of the Ru/graphene catalyst was decreased gradually at 500 °C within 20 h, which was ascribed mainly to both the effect of the methanation of the graphene nanosheet under a H2 atmosphere and to enhanced sintering under high temperatures.
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1. Introduction


To realize the use of hydrogen as a primary energy source instead of fossil fuels in the future, tremendous effort has been dedicated to important issues such as hydrogen production, storage, and utilization. Among these issues, hydrogen storage seems to be the most intractable to the potential hydrogen economy, because the volumetric density of hydrogen is extremely low and is far from the target value for practical application. Various strategies [1,2,3,4] have been proposed for hydrogen storage in an attempt to improve its volumetric density, which can be mainly categorized by either physical or chemical storage routes. In physical storage routes, hydrogen compressed under high pressure or stored in a liquid state can achieve attractive volumetric density, but these technologies suffer from extremely harsh processing conditions at a very high cost with severe safety concerns. On the other hand, although hydrogen can be stored in porous materials via adsorption under mild conditions [5,6,7,8,9], the relatively low hydrogen storage capacity of various sorbents seems to be an insurmountable obstacle for practical applications. A great deal of attention has been paid to the chemical storage of hydrogen, and various types of hydrogen storage systems have been intensively studied based on different hydrogen carriers such as metal and organic hydrides [10,11,12,13,14]. Ammonia [15,16,17,18,19,20] has recently been widely accepted as a very promising and important hydrogen carrier owing to its fascinating properties. First, ammonia has a very high mass storage capacity (17.6 wt %) and can be easily stored as a liquid under mild conditions that equate to an extremely high volumetric hydrogen storage density of 108 g/L, which is much higher than that of liquid hydrogen (71 g/L) [16]. Furthermore, as one of the most important bulk chemicals, the ammonia industry has operated worldwide for almost a century in terms of synthesis technology, as well as storage and transportation infrastructure, which significantly facilitates ammonia as an ideal hydrogen carrier for large-scale applications. It is important to note that by comparison with traditional carbonaceous compounds, hydrogen produced via ammonia decomposition is COx-free, which means the ammonia decomposition process is free of CO2 emissions, and the produced hydrogen can be easily used for proton-exchange membrane fuel-cell applications without CO poisoning.



Using ammonia as a hydrogen carrier is a feasible solution to the hydrogen storage issue, but eventually the ammonia must be efficiently decomposed, and this is particularly important for the on-site generation of a hydrogen stream for mobile applications, such as in fuel-cell electrical vehicles. In this regard, the development of high-performance ammonia decomposition catalysts would be of significant importance for an ammonia-mediated hydrogen economy. Although research effort focused on the catalysis of ammonia decomposition has increased rapidly in recent years [21,22,23,24,25,26,27,28,29,30], and the catalytic activity of current catalysts still requires significant improvement because the current level of ammonia conversion remains much lower than the equilibrium, particularly at reaction temperatures lower than 400 °C. Research progress has identified that Ru is currently the most active component for ammonia decomposition. The control of Ru particles with optimal size and morphology is very important in ammonia decomposition since ammonia decomposition with Ru is structure-sensitive due to the variation of highly active B5-type sites [31,32]. These sites arrange three Ru atoms in one layer with two more in the layer directly above, which amounts to a monoatomic step on a Ru (0001) terrace for different structures [33,34]. Moreover, the catalytic activity of Ru is support-dependent [35,36,37]. Generally, a support that facilitates the transfer of electrons to Ru is beneficial to the catalytic activity of the Ru catalysts, which is helpful to the recombination desorption of N atoms from the Ru surface [35], and this is the rate-determining step for ammonia decomposition. Therefore, conductive carbon materials, such as carbon nanotubes (CNTs) [36,37,38], have been intensively studied as effective supports for ammonia decomposition. Very recently, novel graphene sheets with excellent conductivity, an extremely high proportion of specific surface area, and an inorganic electrode of C12A7:e− that enables electron injection to the antibonding orbital of the Ru–N bond have been proposed as a high-performance support [21,39].



Considering the importance of both the support properties and the tuning of Ru microstructures for the development of high-performance ammonia decomposition catalysts, we previously proposed a novel Ru/graphene nanocomposite with an easily controlled nano architecture for use as a high-performance ammonia decomposition catalyst for efficient COx-free hydrogen production [39]. Additional study is needed regarding the catalytic behavior of Ru/graphene nanocomposites. In the present study, Ru/graphene nanocomposites with well-controlled Ru loading and structures were prepared in an effort to further tune their catalytic performance, and the mechanisms responsible for the stability of these catalysts during ammonia decomposition and deactivation under high temperatures were discussed.




2. Results and Discussion


2.1. Preparation of Ru/Graphene Nanocomposites


Figure 1 shows the photographs of pristine graphene oxide and a Ru/graphene nanocomposite. After oxidation in a mixture of concentrated H2SO4 and KMnO4, followed by treatment with H2O2, the graphite flakes were transformed to a soluble yellow slurry (Figure 1a), which is an indicator of the efficient oxidation of graphite. As confirmed by Fourier transform infrared spectroscopy (FT-IR) spectra (Figure 2a), the notable adsorption peaks centered at wavenumbers 3401, 1733, 1626, and 1259 cm−1 corresponded to O–H, C=O, C=C, and C–O–C vibrations, respectively, which indicated that the graphene oxide had a considerable level of oxygen-containing functional groups. The transmission electron microscope (TEM) image in Figure 2b shows the sheet-like morphology of the prepared graphene oxide, which demonstrated that the layered graphite was successfully exfoliated into nanosheets after the oxidation process. The height profile of an atomic force microscope (AFM) image (Figure 2c) further confirmed that the graphene oxide naonosheet was ~1.2 nm in thickness, which corresponded to the single-layer graphene oxide sheet. After reducing the graphene oxide and RuCl3 using EG at high temperatures, a black Ru/graphene solid was finally obtained (Figure 1b). The Fourier transform infrared spectroscopy (FT-IR) spectra in Figure 2a confirmed that the Ru/graphene showed a much reduced level of oxygen-containing functional groups, suggesting the efficient reduction of graphene oxide to graphene. Figure 2d shows the powder X-ray diffraction (PXRD) diffraction patterns of graphene oxide and Ru/graphene. After the reduction process, the diffraction peak at 2θ = 10.3° for graphene oxide disappeared in the resultant Ru/graphene composite, because of the loss of the regular stacking of the original sheets. A new and broad diffraction peak at 2θ = 43.0° was observed, which corresponded to the (101) crystallographic planes of nanosized metallic Ru particles, and this indicated that Ru nanoparticles were successfully deposited onto the graphene sheets. Therefore, simultaneously reducing Ru3+ ions and graphene oxide via a polyol route using EG is very simple and effective when preparing Ru/graphene nanocomposites.


Figure 1. Photographs of pristine graphene oxide (a) and a Ru/graphene (b) nanocomposite.



[image: Catalysts 07 00023 g001]





Figure 2. (a) FT-IR of graphene oxide and Ru/graphene nanocomposites; (b) TEM image of graphene oxide; (c) AFM image and height profile of a graphene oxide sheet; and (d) PXRD diffraction patterns of graphene oxide and Ru/graphene nanocomposites.
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It is should be noted that the final drying process is a key step to successfully obtain high-quality Ru/graphene nanocomposites. Figure 3 shows the scanning electron microscope (SEM) images of Ru/graphene nanocomposites prepared by drying under air and by freeze-drying. With evaporation of water by drying under air at room temperature, the Ru/graphene composite gradually contracted and eventually formed an extremely dense structure (Figure 3a). On the contrary, when the Ru/graphene was prepared via freeze-drying, the bulk materials were frozen and then became very rigid, which efficiently prevented the Ru/graphene nanocomposite from contracting during the drying process and, thus, highly porous three-dimensional networks were finally formed (Figure 3b). For catalytic applications, the highly porous structure of a Ru/graphene nanocomposite provided a much larger proportion of Ru surface area, which significantly reduced the diffusion resistance and increased the number of active sites in the catalyst during the reactions. Therefore, the highly porous Ru/graphene nanocomposite is much more superior to the dense version as a catalyst for ammonia decomposition.


Figure 3. SEM images of Ru/graphene nanocomposites prepared by drying under air (a) and freeze-drying (b).
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2.2. Structures and Catalytic Activities of Ru/Graphene Nanocomposites for Ammonia Decomposition


Figure 4 shows the TEM images of Ru/graphene nanocomposites with different levels of Ru loading. For the Ru/graphene prepared in EG single solvent (SS) and water-EG co-solvent (CS) systems with M g RuCl3 in the precursor solution, the samples were denoted as SS-M and CS-M, respectively. For Ru/graphene nanocomposites prepared in the SS system, the SS-20, SS-40, and SS-60 Ru/graphene nanocomposites showed a homogeneous dispersion of irregular-shaped Ru nanoparticles onto the graphene sheets, with increased Ru average particle sizes of ~10, 22, and 35 nm and Ru loadings of 18, 33, and 45 wt %, respectively. However, when the Ru/graphene nanocomposites were fabricated in the CS system, the CS-40, CS-60 and CS-80 Ru/graphene nanocomposites showed a much more uniform dispersion of round-shaped Ru nanoparticles on the graphene sheets, with increased Ru loadings of 32, 42, and 54 wt %. Further increasing the RuCl3 amount in the precursor solution did not result in higher Ru loading, since almost the entire graphene surface was covered by the nanosized Ru particles. It should be noted that all the Ru/graphene nanocomposites prepared in the CS system showed the same Ru average particle size, ~4 nm, and Ru morphology on the graphene, regardless of the RuCl3 amount added to the precursor solution. Obviously, by adjusting the RuCl3 amount in the precursor solution, both the SS and CS systems allowed a facile tuning of the Ru loading over a very wide range. The high Ru loading capacity could be mainly ascribed to the presence of a considerable amount of oxygen-containing groups on the graphene oxide, which acted as nucleation and anchoring sites for the growth of Ru nanoparticles. Furthermore, both the Ru particle size and morphology were significantly affected by the presence of water as a co-solvent in the precursor solution, and the CS system showed Ru nanoparticles that were much smaller and more uniform, resulting in an excellent Ru dispersion on the graphene nanosheets. Compared with the other recently reported metal particle/graphene composites, the Ru/graphene composites prepared in the present work also showed much smaller and more uniform metallic particles [7,8], indicating the formation of high-quality Ru/graphene composites. Due to the structure-sensitive feature of ammonia decomposition on Ru [31,32], the Ru/graphene prepared from the CS system simultaneously allowed good control of the Ru particle size and shape on graphene nanosheets even at extremely high levels of Ru loading (>50 wt %), which was favorable for highly enhanced catalytic activity for ammonia decomposition.


Figure 4. TEM images of Ru/graphene nanocomposites: (a) SS-20; (b) SS-40; (c) SS-60; (d) CS-40; (e) CS-60; and (f) CS-80.
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Carbon nanotubes (CNTs) were thought to provide very efficient support for ammonia decomposition [35,36,37,38] because of their high surface area and excellent electronic conductive properties. To further study the effect of graphene oxide on the microstructure of Ru catalysts, a Ru/CNT composite was prepared in the CS system with the same Ru loading of CS-60 Ru/graphene, and these were compared. Figure 5 shows the TEM image of a Ru/CNT nanocomposite. In addition to a considerable amount of very small Ru particles distributed onto the CNTs, many large (~40 nm) Ru particles with a round shape were formed by the aggregation of fine Ru nanoparticles. The large Ru aggregates were ascribed mainly to a loading capacity of CNTs that was lower than that of graphene, because the surface of CNTs has considerably fewer oxygen-containing groups to act as anchoring sites for Ru deposition. This makes the immobilization of a considerable amount of Ru nanoparticles more difficult on CNTs than on graphene, particularly for extremely high levels of Ru loading. Although both graphene and CNTs are interesting carbon materials with a high surface area for catalyst support applications, graphene seems to be much more advantageous for Ru deposition in terms of exceptional Ru dispersion and a high capacity for Ru loading.


Figure 5. TEM image of Ru/CNT (carbon nanotube) nanocomposites.
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Figure 6 shows the catalytic performance of Ru/graphene nanocomposites with different levels of Ru loading for ammonia decomposition under a GHSV of 20,000 mL·h−1·gcat−1. All catalysts showed rapidly improved ammonia conversion with increasing temperature, due to the highly enhanced ammonia decomposition rate at high temperatures. With increasing Ru loading, SS-40 Ru/graphene nanocomposites showed ammonia conversion that was obviously improved compared with that of SS-20, while the further Ru increase in the SS-60 showed catalytic performance that was similar to that of SS-40. On the other hand, CS-40, CS-60, and CS-80 Ru/graphene nanocomposites showed almost the same catalytic performance, although the variation in Ru loading in the nanocomposites occurred over a wide range, the Ru particle size and shape were the same. However, with comparable, or even much lower, levels of Ru loading, the Ru/graphene nanocomposites prepared in a CS system showed much better catalytic performance than those prepared in a SS system, which was attributed mainly to the improved Ru dispersions as well as to the optimal Ru microstructures, since the ammonia decomposition on Ru is structure-sensitive [31,32]. Figure 7 shows the catalytic performance of CS-60 Ru/graphene at 450 °C under different GHSVs. As the GHSV increased from 20,000 to 60,000 mL·h−1·gcat−1, ammonia conversion gradually decreased from 91% to 62% with a corresponding hydrogen production rate that increased from 20.3 to 41.5 mmol·min−1·gcat−1. However, the Ru/CNT catalyst reportedly showed ammonia conversions lower than 50% at 450 °C under a GHSV of 30,000 mL·h−1·gcat−1 [36,37]. In addition, compared with most of the other reported ammonia decomposition catalysts under similar reaction conditions [22,23,24,25,26], this CS-60 Ru/graphene also showed very attractive catalytic performance for COx-free hydrogen production from ammonia, which indicated that graphene nanosheets supporting Ru nanoparticles is a very productive ammonia decomposition catalyst for practical applications.


Figure 6. Catalytic performance of Ru/graphene nanocomposites prepared in the SS (a) and CS (b) systems. GHSV = 20,000 mL·h−1·gcat−1.
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Figure 7. Catalytic performance of CS-60 Ru/graphene nanocomposites for ammonia decomposition at 450 °C under different GHSVs.
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2.3. Stability of Ru/Graphene Nanocomposites for Hydrogen Production from Ammonia


To provide high-purity hydrogen for practical applications, such as proton exchange membrane fuel cell applications, it is preferable that the ammonia is completely decomposed, because even the presence of a trace amount of ammonia in hydrogen may poison the electrodes of a fuel cell. A high reaction temperature is favorable for a high degree of ammonia decomposition, and, thus, the high-temperature catalytic stability of Ru/graphene nanocomposites is very important for practical hydrogen production from ammonia. Figure 8 shows the time course of CS-60 and SS-40 Ru/graphene nanocomposites for ammonia decomposition at 450 and 500 °C, respectively. For CS-60 Ru/graphene, ammonia conversion was kept almost constant within a test time of 80 h, showing excellent catalytic stability at 450 °C. However, with ammonia decomposition over SS-40 Ru/graphene at 500 °C, the ammonia conversion gradually decreased with increasing reaction time, which indicated that deactivation had occurred for the catalyst at 500 °C. Figure 9 shows the TEM images of CS-60 and SS-40 Ru/graphene nanocomposites after catalytic ammonia decomposition at 450 and 500 °C for 80 and 20 h, respectively. In contrast to as-prepared CS-60 Ru/graphene (Figure 4e), the Ru nanoparticles used in the CS-60 were extensively aggregated, which resulted in a considerable amount of particles larger than 10 nm (Figure 9a,b), although the catalytic performance seemed to remain good. The energy dispersive X-ray spectroscopy (EDX) examination (inset in Figure 9a) showed that there were no significant changes in the composition of the catalyst. We believed that the structure change of CS-60 Ru/graphene could be ascribed mainly to the sintering effects at high temperatures. For SS-40 Ru/graphene nanocomposites, the TEM images in Figure 9c,d show that the Ru nanoparticles reached the micro scale, even though the reaction was performed at 500 °C for only 20 h. Obviously, the aggregation of Ru particles when SS-40 Ru/graphene was used was even worse. Surprisingly, further EDX analysis (inset in Figure 9c) of the use of SS-40 Ru/graphene revealed that the amount of C content decreased significantly in the nanocomposites, which indicated that most of the graphene might have been degraded under these reaction conditions. It was evident that the sintering on the Ru particles in the composites would be significantly enhanced without the anchoring of the graphene supports, which could have been the main reason for the extremely large Ru particles when SS-40 composites were used, as well as for the obvious decrease in catalytic performance at 500 °C.


Figure 8. Time course of CS-60 (a) and SS-40 (b) Ru/graphene nanocomposites for ammonia decomposition at 450 and 500 °C.
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Figure 9. TEM images of CS-60 (a,b) and SS-40 (c,d) nanocomposites after catalytic ammonia decomposition at 450 °C for 80 h, and at 500 °C for 20 h. Insets in (a) and (c) are the EDX results of the use of CS-60 and CS-40, respectively.
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To gain further insight into the deactivation mechanism at high temperatures, the Ru/graphene nanocomposite was treated in a H2/Ar flow (V/V = 1/9) of 40 mL·min−1 from 250 to 700 °C at a heating rate of 10 °C/min, and the outlet gas composition was analyzed using a mass spectrometer. Figure 10 shows the mass spectrum of Ru/graphene treated under a H2 atmosphere at different temperatures. A CH4 peak was observed when the temperature was higher than 420 °C, which indicated the formation of methane at high temperatures. The generation of CH4 was very remarkable when the temperature was higher than 450 °C, and this agreed well with the obviously degraded ammonia decomposition performance for SS-40 nanocomposites at 500 °C. The formation of CH4 resulted from the methanation of graphene sheets in a hydrogen atmosphere at high temperatures, and this phenomenon is commonly observed for carbon materials with exposure to hydrogen at high temperatures [38,40,41]. Therefore, the deactivation of Ru/graphene catalysts at high temperatures could be mainly ascribed to both sintering and methanation. Stable hydrogen production for practical applications still requires additional effort to further optimize the nanostructure of Ru/graphene composites for improved catalytic stability and activity at relatively low temperatures.


Figure 10. Mass spectra of SS-40 Ru/graphene nanocomposites under a H2 atmosphere and different temperatures.
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3. Materials and Methods


3.1. Materials


Natural graphite flakes (>99.8%, 325 mesh) were supplied by Alfa Aesar (Haverhill, MA, USA). RuCl3·nH2O and ethylene glycol were purchased from Wako Pure Chemical Industrials, Ltd., Tokyo, Japan. KMnO4, concentrated H2SO4 (98 wt %), and H2O2 were obtained from Sigma-Aldrich (Tokyo, Japan).




3.2. Preparation and Characterization of Ru/Graphene Nanocomposites


Graphene oxide was prepared according to a previously reported procedure [39]. Ru/graphene nanocomposites were prepared by simultaneously reducing graphene oxide and RuCl3 using ethylene glycol (EG) as a reducing agent. Briefly, 20–80 mg graphene oxide was dissolved either in 100 mL EG single solvent (SS) or 100 mL water-EG co-solvent (CS) (V/V = 1/1) under magnetic stirring, and the mixture was then sonicated for 30 min to ensure a homogeneous dispersion. Subsequently, this homogeneous solution was added into a 150 mL Teflon-lined stainless autoclave, and was then transferred into an oven for 3 h at a pre-heated temperature of 200 °C. After the reduction process, black solid products were collected via filtration, and were then washed three times with water. Finally, the black solid was freeze-dried to obtain Ru/graphene nanocomposites.



FT-IR spectra were measured on a FT/IR-4100 spectrophotometer (Jasco, Tokyo, Japan) using samples deposited onto a KBr plate. PXRD patterns were carried out using a D/Max-2500 X-ray diffractometer (Rigaku, Tokyo, Japan) with Cu Kα radiation (λ = 1.54056 Å) at a scan rate of 0.05° s−1. AFM observations were performed on a Nanocute scanning probe microscope (SII Nanotechnology Inc., Tokyo, Japan) operated under a tapping model. SEM images were obtained on a JCM-5700 SEM (JEOL, Tokyo, Japan) using an acceleration voltage of 20 kV. TEM images and EDX spectra were collected using a JEM-2011 TEM (JEOL, Tokyo, Japan) equipped with an energy dispersive X-ray spectrometer operated at an accelerating voltage of 200 kV. Gas components were identified using a BELMass quadrupole mass spectrometer (MicrotracBEL, Osaka, Japan).




3.3. Catalyst Testing


The catalytic activities of Ru/graphene nanocomposites for ammonia decomposition were evaluated in a tubular quartz fixed-bed reactor (inner diameter: 6 mm) under atmospheric pressure and temperatures ranging from 350 °C to 500 °C. Briefly, 50 mg Ru/graphene nanocomposites were loaded inside the quartz tube, with quartz wool packed at both ends of the catalyst bed. Before the catalytic reaction, the reactor was purged with He under a flow rate of 100 mL·min−1 for 30 min to remove air in the system. The reactor was heated to desired temperatures with the catalyst kept under a He atmosphere, then ammonia was fed into the reactor at GHSVs of 20,000–60,000 mL·h−1·gcat−1. Gas compositions of the catalytic products were analyzed online using a GC-14B gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a thermal conductivity detector and a Porapak N column using N2 as a carrier gas.





4. Conclusions


High-quality Ru/graphene nanocomposites were prepared by simultaneously reducing graphene oxide and Ru ions using ethylene glycol for COx-free hydrogen production from ammonia. The assistance of considerable oxygen-containing groups on graphene oxide sheets allowed the homogeneous growth of Ru nanoparticles on graphene nanosheets even with very high levels of Ru loading. Moreover, the addition of water in the precursor solution as a co-solvent during the reduction process further efficiently improved the dispersion as well as the size and morphology of Ru nanoparticles on the graphene nanosheets, which resulted in highly-enhanced catalytic performance for ammonia decomposition. The structural changes that were observed in the Ru/graphene nanocomposites during ammonia decomposition allowed the production of COx-free hydrogen at high temperatures, which was ascribed mainly to the sintering effect and to the methanation of the graphene supports.
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